Collagen-induced arthritis (CIA) in susceptible strains of mice is an animal model of T cellmediated inflammatory polyarthritis. Analysis of T cell receptor (TCR) V beta gene usage in cells isolated from arthritic joints of BUB/BnJ (BUB) mice (H-2q, TCR V beta a) showed that TCR V beta chain gene usage was limited to TCR V beta 3 and V beta 10 gene families. All of the BUB mice immunized with a mixture of TCR V beta 3 and TCR V beta 10 peptides, but not with control TCR V beta 14 peptide, were refractory to the induction of CIA. Immunization with TCR V beta 3 and V beta 10 peptides completely blocked the development of clinical and subclinical inflammation, formation of pannus and synovial hyperplasia, and the erosion of cartilage and bone. Further studies revealed that preimmunization of BUB mice with V beta 10 peptide alone was sufficient to render the mice resistant to CIA. Analysis of TCR V beta chain gene expression in lymph node cells from arthritic and arthritis-protected mice showed the expression of TCR V beta 10 subfamily in all of the arthritic mice, but not in arthritis-protected mice. Immunization with TCR V beta peptides did not diminish the humoral responses to chicken type-II collagen and also elicited significant levels of anti-V beta 3 and anti-V beta 
Introduction
Collagen-induced arthritis (CIA) 1 in mice is an animal model of inflammatory polyarthritis with clinical and pathological features similar to rheumatoid arthritis. Arthritis develops in susceptible H-2 q or H-2 r strains of mice after immunization with native type-II collagen (CII), a major component of the articular cartilage, in CFA (1, 2) . The immunogenic and arthritogenic epitopes in the CII molecule have been localized to a 279-amino acid-long fragment cleaved by cyanogen bromide. The ensuing arthritis is characterized by inflammation within the joint and is associated with synovial hyperplasia, infiltration of the subsynovial tissue with inflammatory cells, and erosion of cartilage and bone. Both humoral and cellular immunity against CII can be detected in arthritic mice and are necessary for the onset and severity of the disease (3) . In CIA, although anti-CII antibodies contribute to arthritogenic process, severe and chronic arthritis is primarily mediated by CIIreactive T cells. The critical role of cellular immunity in CIA was established when CD4 ϩ T cell lines and clones, specific for a fragment of the collagen molecule, were shown to be pathogenic or protective when inoculated into syngeneic-naive recipients (3, 4) . Analysis of T cell receptor (TCR) V ␤ gene expression in cells obtained from arthritic joints of B10.Q mice (H-2 q , TCR V ␤ b ) or lymph node (LN) cells from CII-immunized DBA/1 mice showed limited heterogeneity in TCR V ␤ gene usage (5, 6) . The phenomenon of restricted TCR V ␤ gene usage is not unique to CIA as similar findings have been reported in the experimental allergic encephalomyelitis (EAE) model. In the EAE model, TCR V ␤ 8.2 was found to be preferentially used by the encephalitogenic T cells (7, 8) . Interestingly, TCR V ␤ 8.2 was also found to be used by the jointinfiltrating T cells in mice with CIA (5) . Subsequent studies, in rats and mice, demonstrated that immunization of susceptible animals with TCR V ␤ 8.2 peptides induced protection against EAE, and the protection was mediated by both the B cells and the idiotypic-specific regulatory T cells (9, 10) .
In a previous report, we showed that mice of an inbred strain, BUB/BnJ (BUB)(H-2 q ), with genomic deletion of TCR V ␤ 5, 8, 9, and 11-13 gene families are highly susceptible to the development of CIA with the incidence and severity of arthritis being similar to that in DBA/1 mice (11) . We have also demonstrated that T cells in the arthritic joints of BUB mice are predominantly of the Th-1 type and show a restricted TCR V ␤ chain gene usage limited to TCR V ␤ 3 and 10 gene families (12) . Data obtained by molecular cloning and sequence analysis of the amplified TCR V ␤ fragments from arthritic joints of BUB mice provided evidence of antigen-driven clonal expan-sion of some of the T cell clones (12) . In the present report, we demonstrate that preimmunization of BUB mice with a mixture of TCR V ␤ 3 and TCR V ␤ 10 synthetic peptides, or with TCR V ␤ 10 synthetic peptide alone, induced protective immunity against the induction of CIA. Similar protection against CIA was not induced by immunization with TCR V ␤ 14 peptide. Results presented in this communication show that: ( a ) immunization of BUB mice with a mixture of TCR V ␤ 3 and V ␤ 10 peptides prevented the induction of CIA; ( b ) no influence on humoral immune response to chicken type-II collagen or to the immunizing TCR V ␤ peptides was observed; ( c ) immunization with TCR V ␤ peptides influenced the production of antibodies cross-reactive with mouse type-II collagen; and ( d ) protection against CIA can be transferred by immunizing mice with serum from arthritis-protected mice. Our data also show that immunization with TCR V ␤ 3 and V ␤ 10 peptides did not alter the repertoire of T cells expressing TCR V ␤ 2, 4, 6, 13, 14, or 17 a subfamilies, indicating the specificity of the immune response. These results thus provide evidence of the elicitation of antibodies reactive with the self-TCR in BUB mice immunized with TCR V ␤ peptides, and the involvement of humoral immune response in inducing protective immunity against CIA. Our studies demonstrate that approaches based on targeting the TCR V ␤ region of oligoclonal T cells could be an effective way of treating autoimmune diseases in general and arthritis in particular.
Methods
Mice. 6-8 wk-old, male, BUB/BnJ mice (H-2 q , TCR V ␤ a ) were purchased from The Jackson Laboratories (Bar Harbor, ME). Mice were maintained at the Animal Care Facilities of the School of Medicine (Case Western Reserve University, Cleveland, OH). All animal experimentation work and handling of animals was carried out in accordance with National Institutes of Health guidelines and with the approval of Institutional Animal Care and Use Committee.
Synthesis of TCR V ␤ peptides. We identified regions in the TCR V ␤ 3 and V ␤ 10 molecules which were predicted to be immunogenic (13, 14) . Synthetic peptides representing amino acid residues 13-29 in the TCR V ␤ 3 molecule (KGQGQKAKMRCIPEKGH) and amino acid residues 25-46 in the TCR V ␤ 10 molecule (QTLDHNTMYW-YKQDSKKLLKIM) were synthesized by Tana Laboratories (Houston, TX). A control peptide, representing amino acid residues 39-56 (ATGGTLQQLFYSITVGQV) and corresponding to murine TCR V ␤ 14 gene, was synthesized by Chiron Mimotopes Peptide Systems (San Diego, CA). In all cases, amino acid sequence of the peptides is written using the single letter amino acid code.
Chicken type-II collagen. The CII used in these studies was provided by the Biotech Holdings (Hudson, OH) and was stored lyophilized in a freezer before use. CII was dissolved in 0.05 M acetic acid (2 mg/ml) by gentle rotation at 4 Њ C overnight and then emulsified in CFA (1:1) for immunizations as described below.
Immunizations. Mice were divided into three groups designated A, B, and C. 10 mice in group A were first immunized with a 1 mg/ml solution (in PBS) of TCR V ␤ 3 and V ␤ 10 peptides emulsified with an equal volume of CFA (GIBCO-BRL, Gaithersburg, MD) and 100 l of the emulsified mixture was injected intradermally in the tail. 10 d later, these mice were immunized with chicken type-II collagen for the induction of arthritis as previously described (15) . This experiment was repeated once more with a new batch of 10 mice and this group was designated as group A1.
Six mice in group B were first immunized with a 1 mg/ml solution (in PBS) of TCR V ␤ 14 peptide emulsified in CFA and 100 l was injected intradermally in the tail. 10 d later, these mice were immunized with chicken type-II collagen for the induction of arthritis as described above. Eight mice in group C were immunized with 100 l of a mixture of PBS ϩ CFA and 10 d later were immunized with chicken type-II collagen for the induction of arthritis as above.
In all the groups, mice were monitored for the development of clinical symptoms of arthritis up to 40 d after immunization with chicken type-II collagen emulsified in CFA (16) . The day of onset of arthritis was considered to be the day when erythema and/or swelling was first observed in one or more limbs and was counted from the day when mice were first immunized with chicken type-II collagen. Severity of arthritis on the day of onset was determined by evaluating fore and hind paws for swelling and redness and was scored on a subjective scale as previously described (15, 16) .
Histological analysis of the joints. Histological analysis of the joints ( n ϭ 4) was carried out using the facilities of the Histology and Immunochemistry Core of the Northeast Ohio Multipurpose Arthritis Centre (NEOMAC). The first limb to show clinical arthritis (usually the hind paw) was removed from four dead mice in the affected groups, formalin fixed, and processed for histological analysis as previously described (16) . In all cases, clinical severity of arthritis was of identical duration. Mice from groups A and A1 were killed 40 d after immunization with chicken type-II collagen and the hind paws were also formalin fixed and processed as for arthritic mice. In this way, comparisons were made between the arthritic and nonarthritic joints. Trichrome-stained sections were examined under a microscope and photographed using the photomicrography system (Nikon Inc., Instrument Group, Melville, NY).
Immunization of BUB mice with either TCR V ␤ 3 or TCR V ␤ 10 peptide. We also studied if preimmunization with only one TCR V ␤ peptide could also induce protective immunity against CIA. Two groups of mice were immunized with 500 g of either TCR V ␤ 3 or TCR V ␤ 10 peptide in CFA before immunization with CII. 10 d later, these mice were immunized with 100 g of chicken type-II collagen for the induction of arthritis (15) . Mice in these groups were also monitored for the development of clinical symptoms of arthritis up to 40 d after immunization with chicken type-II collagen. Day of onset and severity of arthritis was determined as described above.
Determination of serum antibody titers. Serum titers of anti-type-II collagen antibodies in BUB mice were determined by an ELISA method as previously described (16) . The values obtained were represented in arbitrary OD units.
Serum samples were also analyzed for the presence of mouse anti-V ␤ 3 and mouse anti-V ␤ 10 peptide antibodies by adapting the previously described ELISA method (16) . Briefly, each well of a microtiter plate was coated overnight at 4 Њ C with 100 l of TCR V ␤ 3 or TCR V ␤ 10 peptide (10 g/ml) and then blocked by incubation with PBS containing 1% fetal calf serum. Plates were then washed thoroughly and a 100-l aliquot of each serum sample, diluted in PBS, was added to the wells and the plates were incubated at 37 Њ C for 2 h. The plates were again washed and incubated for 2 h with alkalinephosphatase-conjugated goat anti-mouse IgG (PharMingen, San Diego, CA). The plates were then thoroughly washed and the phosphatase substrate (Sigma Chemical Co., St. Louis, MO) was added and the color was allowed to develop. Absorbance was determined on an ELISA reader at 410 nm and the values were represented in arbitrary OD units.
Immunization of BUB mice with serum from arthritic and arthritis-protected mice. Serum from arthritic BUB mice (immunized with TCR V ␤ 14 peptide) and from arthritis-protected BUB mice (immunized with a mixture of TCR V ␤ 3 and V ␤ 10 peptides) was obtained by tail bleeding followed by centrifugation. Serum was stored frozen before use. Eight mice were each injected i.v. with 100 l of serum mixed with 200 l of sterile PBS twice a week. This treatment was started on the day of immunization of BUB mice with chicken type-II collagen (day 1) for the induction of arthritis and continued up to 1 wk after booster immunization (CII ϩ incomplete Freund's adjuvant, IFA). Four mice in the control group received equivalent amounts of serum plus PBS from arthritic BUB mice. In the third group, four mice were injected with normal BUB mouse serum plus PBS. Incidence and severity of arthritis, in each group, was determined as described above. This regimen of multiple infusions of diluted serum was chosen. As in preliminary studies, we found that single injections of even 200 l of serum had no effect on the incidence or severity of arthritis. Mice in this set of experiments were observed for the development of clinical symptoms of arthritis up to day 60 after primary immunization.
Determination of TCR V ␤ gene expression by PCR. We determined the TCR V ␤ chain gene expression in the draining lymph nodes cells and spleen cells of some of the mice from each group by PCR-assisted amplification of TCR V ␤ transcripts essentially as previously described (5, 11, 12) . Briefly, 1 g of total cellular RNA was reverse transcribed into cDNA using random primers (cDNA Cycle Kit; Invitrogen Corp., San Diego, CA). The cDNA was digested with RNase-H (GIBCO BRL), heated to 80 Њ C for 10 min, and then purified using Chromaspin-400 columns (Clontech, Palo Alto, CA) and used in the PCR-assisted amplification of TCR V ␤ transcripts. Specificity of the amplified products was determined by: ( a ) size of the amplified fragment; and ( b ) hybridization with a C ␤ oligonucleotide probe (5Ј-AGAACCCCCTGATGATAGGAT-3Ј) with sequence internal to the sequence of the C␤ primer used for PCR amplification as previously described (12) . Relative level of expression of TCR V␤ 3-and TCR V␤ 10-chain genes in LN and spleen cells of arthritic and arthritis-protected mice was derived from these autoradiograms using PC-based scanning and analysis (Gelpro-Analyzer, Media Cybernetics, Inc., Silver Springs, MD) essentially as previously described (17) except that abundance of the V␤ transcripts was calculated relative to the radiographic intensity of the constant region (C␤) fragment.
Flowcytometric analysis. Spleen and LN cells (2 ϫ 10 5 ) were washed with sterile PBS in 5% normal mouse serum and 0.1% NaN 3 and incubated on ice for 30 min with phycoerythin-labeled mAb 145-2C11 (hamster IgG, anti-CD-3). Cells were then stained with the following FITC-labeled antibodies specific for murine V␤ TCR: B 20.6 (rat IgG, anti-V␤-2), KT4 (rat IgG, anti-V␤-4), RR4-7 (rat IgG, anti-V␤-6), MR12-3 (mouse IgG, anti-V␤-13), 14-2 (rat IgG, anti-V␤-14), and KJ-23 (mouse IgG, anti-V␤-17a). All of the antibodies were purchased from PharMingen. Cell staining was determined using FACScan ® and gating on lymphocytes.
Results

Protective effect of immunization with TCR V␤ 3 and V␤ 10
peptides on CIA. The development and progression of arthritis in BUB mice that results after immunization with chicken type-II collagen has been previously reported (11) . A high percentage of BUB mice developed arthritis with rapid disease progression when they were immunized with CII in CFA and then challenged 3 wk later with CII ϩ IFA. Analysis of TCR V␤ gene expression in lymphocytes isolated from arthritic joints revealed a restricted heterogeneity in their TCR V␤ gene usage. The majority of the infiltrating T cells expressed either TCR V␤ 3 or V␤ 10 gene family (12) . Since V␤ 3-and V␤ 10-bearing T cells may be involved in the pathogenesis of arthritis, we investigated whether immunization of BUB mice with TCR V␤ 3 and TCR V␤ 10 peptides can modulate the development of arthritis. The results of a representative experiment, using a mixture of TCR V␤ 3 and V␤ 10 peptides, are shown in Table I . Mice in group A were immunized with a mixture of TCR V␤ 3 and V␤ 10 peptides 10 d before immunization with CII ϩ CFA. These mice were then challenged with CII in IFA 3 wk later (a protocol which results in a very high incidence of arthritis, references 11, 12) . The development of arthritis was monitored for up to 40 d after initial immunization with CII ϩ CFA. None of the mice preimmunized with TCR V␤ 3 and V␤ 10 peptides developed any clinical symptoms of arthritis. This experiment was repeated once again with 10 more mice being treated identically (group A1). None of the mice in the second group developed any clinical symptoms of arthritis up to 40 d after immunization with CII ϩ CFA either (Table I) . Mice in group B were immunized with the control TCR V␤ 14 peptide 10 d before immunization with CII in CFA. These mice were then treated exactly as mice in group A and group A1. A high incidence and severity of arthritis occurred in mice in this group (5/6; 83%). Mice in this group (group B) developed clinical arthritis (arthritis score 2.0 on the day of onset) within 40 d of immunization with CII, with clinical arthritis becoming evident around day 30 (Table I) . Mice in group C were control mice and were first injected with PBS ϩ CFA and then immunized with CII as mice in other groups. In this group, 7/8 mice (87%) developed severe clinical arthritis within 40 d of immunization with CII with the mean day of onset of arthritis being day 29 (Table I) . Thus, it is clear that in mice (n ϭ 20) preimmunized with a mixture of TCR V␤ 3 and V␤ 10 peptides (group A and group A1, Table I ), none of the mice developed any clinical symptoms of arthritis after immunization and boosting with CII. These results demonstrated that susceptibility of BUB mice to the development of CIA can be abrogated by immunization with TCR V␤ 3 and V␤ 10 peptides before immunization with CII.
We also determined whether immunization with TCR V␤ 3 and V␤ 10 peptides after antigenic challenge could influence the disease outcome. We immunized five BUB mice with CII ϩ CFA and 10 d later these mice were injected with TCR V␤ 3 ‡ The severity of arthritis on the day of onset in each of the affected mice in all groups was determined by evaluating fore and hind paws for swelling and redness. The severity of arthritis was scored on a subjective scale (0-4) as previously described (15, 16) . Mice in all groups were monitored four times a wk for clinical symptoms of arthritis. § A 1 mg/ml mixture (500 g of each peptide in PBS) of TCR V␤ 3 and V␤ 10 peptides (KGQGQKAKMRCIPEKGH and QTLDHNTMYWYKQD-SKKLLKIM [single letter amino acid code], respectively), representing amino acid residues 13-29 of TCR V␤ 3 and amino acid residues 25-46 of TCR V␤ 10, was emulsified with equal volume of CFA (GIBCO BRL) and 100 l of this solution was injected intradermally in the tail of BUB mice. 10 d later, mice were immunized with chicken type-II collagen emulsified in CFA and 3 wk later were boosted with CII ϩ IFA. ʈ 1 mg/ml solution (in PBS) of murine TCR V␤ 14 peptide (ATG-GTLQQLFYSITVGQV) representing amino acid residues 39-56 was emulsified with equal volume of CFA and 100 l was injected intradermally in the tail. These mice were then immunized with CII ϩ CFA and treated exactly as above. ¶ A mixture containing equal volumes of PBS and CFA was emulsified and 100 l was injected intradermally in the tails. These mice were then immunized with CII ϩ CFA and treated identically to mice in other groups.
and V␤ 10 peptides in CFA and then boosted with CII ϩ IFA 3 wk later. These mice were also monitored for 40 d for the development of clinical symptoms of arthritis. Table II shows the protective capacity of this treatment. A significant (P Ͻ 0.05) number of mice (4/5, 80%) in this group did not develop any symptoms of arthritis during the course of these studies. In contrast, in the control group (no TCR V␤ peptide immunization after immunization with CII ϩ CFA), 100% of the mice developed severe arthritis with the mean day of onset being day 30. Although the number of mice used in this experiment was small, these results suggest that protective immunity against CIA can be induced by TCR V␤ peptide vaccination after primary challenge with the chicken type-II collagen.
Histological analysis of the joints. A characteristic of arthritic joints in mice with CIA is the synovial hyperplasia, pannus formation, exudation of cells into the joint space, and erosion of bone and cartilage. Histological examination of some of the hind paws (n ϭ 4) from arthritis-protected mice revealed no signs of inflammatory processes (Fig. 1 B) . Immunization with a mixture of TCR V␤ 3 and V␤ 10 peptides prevented not only the inflammatory cell influx, but also cartilage and bone destruction. In contrast, histological examination of arthritic joints from mice first treated with control TCR V␤ 14 peptide (group B) or mice from group C showed arthritic joints characterized principally by a highly fibrous and cellular pannus (Fig.  1 A) . Massive influx of inflammatory cells, synovial hyperplasia, and accumulation of abundant mono-and polymorphonuclear cells in the joint space was evident (Fig. 1 A) . Thus, the appearance of articular cartilage and synovium in the present study was identical to characteristics of arthritic joints, as previously described (16) . In contrast, as can be seen in Fig. 1 A, the synovial membrane in the joints of arthritis-protected mice was like normal synovium with no signs of synovial hyperplasia or other characteristics of inflammation. Thus, the absence of clinical arthritis in mice immunized with TCR V␤ 3 and V␤ 10 peptides (Table I) was not simply the result of a subclinical level of inflammation, but due to complete absence of inflammatory process in the synovium.
Protective effect of immunization with either TCR V␤ 3 or TCR V␤ 10 peptide. We also studied whether preimmunization of BUB mice with either TCR V␤ 3 or TCR V␤ 10 peptide alone would also induce protective immunity against CIA. The results of an experiment where mice were immunized with only one TCR V␤ peptide, 10 d before immunization with CII ϩ CFA are shown in Table III . There was slightly delayed onset of arthritis in mice immunized with TCR V␤ 3 peptide, but the incidence of arthritis was high. Four out of six mice (66% incidence), preimmunized with TCR V␤ 3 peptide before immunization with CII, developed clinical arthritis with mean day of onset being day 33 (Table III) . On the other hand, out of seven mice immunized with TCR V␤ 10 peptide before immunization with CII, only one mouse developed clinical symptoms of arthritis around day 39 (14% incidence) after immunization with CII (Table III) . Because of the delayed onset of arthritis in this case, the observation period for this group of mice was extended for an additional 10 d. Very mild, transitory arthritis affecting only the toes was also observed in another mouse on day 42. This mouse never developed full CIA as no erythema or swelling of the major joints was observed. These data suggest that immunization with TCR V␤ 10 peptide alone was sufficient to induce protective immunity against CIA as compared to immunization with TCR V␤ 3 peptide.
Effect of immunization with TCR V␤ peptides on serum antibody titers. Both the cell-mediated and humoral immune responses have been postulated to play a role in the pathogenesis of CIA (1-3) . A consequence of immunization with CII is a rise in serum IgG reactive with CII and it is an important factor in establishing arthritis in mice. Therefore, we investigated *Day of onset of arthritis was counted from the day of immunization with CII. ‡ The severity of arthritis in each affected mouse on the day of onset was determined as described above.
§ A 500 g/ml solution of TCR V␤ 3 peptide was emulsified with equal volume of CFA and 100 l was injected intradermally in the tail. Mice were then treated for the induction of arthritis as described in Table I .
ʈ A 500 g/ml solution of TCR V␤ 10 peptide was emulsified with equal volume of CFA and 100 l was injected intradermally in the tail. Mice were then treated for the induction of arthritis as described in Table I . (Table I) were killed 40 d after primary immunization with chicken type-II collagen and their hind paws were formalin fixed and processed as previously described (16) . Tissue sections were examined under microscope and the results are depicted with a representative sample from (A) mice immunized with saline ϩ CFA and (B) mice immunized with a mixture of TCR V␤ 3 and V␤ 10 peptides. In A, a fibrous and highly cellular pannus (P) was clearly visible. The pannus had extended into the sites of bone erosion (arrow). In comparison, in B, the synovial membrane was basically identical to normal synovium (S) with no signs of synovial hyperplasia or other characteristics of inflammation.
whether immunization of BUB mice with TCR V␤ peptide fragments affected the production of antibodies reactive with the immunizing antigen and the autoantigen. Collagen-specific and Ig isotype-specific ELISAs were used to evaluate the levels of anti-chicken type-II collagen-and anti-mouse type-II collagen-specific antibodies and the IgG isotypes, respectively, present in the serum of arthritic and arthritis protected mice. The results of representative experiments are shown in Figs. 2  and 3 . Irrespective of treatments before immunization with CII, all of the mice immunized with CII ϩ CFA for the induction of arthritis produced comparable levels of anti-chicken type-II collagen antibodies in comparison with unimmunized mice (Fig. 2) . When serum samples were analyzed for the presence of antibodies reactive with the mouse type-II collagen in arthritic and arthritis-protected mice, using specific ELISAs, it was found that the levels of antibodies reactive with mouse type-II collagen were lower (P Ͻ 0.05) in arthritis-protected mice in comparison to mice with arthritis (Fig. 2) . Therefore, treatment with TCR peptides did not alter the production of antibodies specific for the immunizing antigen. However, influence of immunization with TCR V␤ peptides was apparent on the level of Ig subclasses in serum of arthritis-protected mice when compared to arthritic mice (Fig. 3) . Mice in both groups produced similar amounts of IgG2b antibodies while the level of IgG2a antibodies, reactive with type-II collagen, was lower in arthritis-protected mice (Fig. 3) . This suggests that in arthritis-protected mice, production of IgG2a subclass of antibodies was affected as a result of immunization with TCR V␤ peptides. Our data thus indicate that mice treated with TCR V␤ 3 and V␤ 10 peptides (arthritis protected) produced antibodies reactive with the autoantigen, but there was a reduction in the level of this class of antibodies in comparison to the level in arthritic mice. Although present, these antitype-II collagen antibodies by themselves were insufficient to induce inflammatory responses in the joints of mice immunized with TCR V␤ 3 and V␤ 10 peptides. Our data thus suggest that in mice immunized with TCR V␤ peptides, there was a potential interference with the maturation of humoral immune response against CII. Interference or blockage in the development of humoral immune response against the autoantigen could account for the protective immunity against CIA in BUB mice immunized with TCR V␤ peptides.
We also adapted an ELISA method to determine whether animals immunized with TCR V␤ peptide fragments produced antibodies specific for the immunizing peptide fragments. The results of a representative analysis are shown in Fig. 4 . All of the BUB mice immunized with TCR V␤ 3 and V␤ 10 peptides also produced antibodies specific for TCR V␤ 10 and V␤ 3 peptides (Fig. 4, A and B) . Anti-V␤ 3 or anti-V␤ 10 peptide antibodies were not detected in the serum of unimmunized mice (open circles, Fig. 4, A and B) or in mice immunized with CII ϩ CFA for the induction of CIA (results not shown). These results thus indicate that antibodies reactive with TCR V␤ peptides were produced in response to immunization with these peptides.
Influence of immunization with TCR V␤ peptides on TCR repertoire. We also determined the effect of immunization with TCR V␤ 3 plus V␤ 10 peptides and TCR V␤ 14 peptide on the repertoire of T cells expressing V␤ 2, 4, 6, 13, 14, and 17 a genes in the LN using the commercially available FITClabeled antibodies. Using the LN cells stained with the anti- Figure 2 . Serum titers of anti-type-II collagen antibodies in arthritic and arthritis-protected mice. Serum titers were determined by an ELISA method. Mice in both groups developed high titers of antichicken type-II collagen antibodies. However, titers of antibodies crossreactive with the mouse type-II collagen were lower in arthritisprotected mice in comparison to arthritic mice. , unimmunized; , arthritic; ᮀ, arthritis-protected. (Table IV B ). These results demonstrate that expression of TCR V␤ 3 was very similar in arthritic and arthritis protected mice in all the samples (n ϭ 2) analyzed (Table IV B) . This was interesting as arthritis-protected mice (immunized with TCR V␤ 3 and V␤ 10 peptides before immunization with CII for the induction of arthritis) had high titers of anti-V␤ 3 peptide antibodies (Fig. 4 B) , but there was no difference in the level of expression in comparison to arthritic mice (negative for anti-V␤ 3 peptide antibodies). This would suggest that these antibodies were not reactive with the native TCR and, as a consequence, V␤ 3-expressing cells were not deleted. However, and significantly, expression of TCR V␤ 10 was drastically altered in arthritis-protected mice in comparison to arthritic mice (Table IV B and Fig. 5 ). Expression of TCR V␤ 10 was 80-fold higher in arthritic mice in comparison to arthritis-protected mice. The weak radiographic band detected in arthritis-protected mice had radiographic intensity of only 0.1% relative to the TCR C␤ band which represented total T cell population. To determine if there was a systemic deletion of TCR V␤ 10-expressing T cells in arthritis-protected mice, or the absence was confined to draining LNs, we determined the relative expression of TCR V␤ 3 and V␤ 10 in spleen cells from arthritic and arthritis-protected mice (Fig. 5 B) . T cells expressing TCR V␤ 3 and V␤ 10 were present in the spleens of both arthritic and arthritis-protected mice, but the expression of TCR V␤ 10 was barely detectable in arthritis-protected mice (Fig. 5 B and results not  shown) . This strengthens our conclusion that V␤ 10-expressing T cells were either deleted or receptor down-regulated in arthritis-protected mice. More significantly, our results imply that, despite the presence of V␤ 3 and V␤ 10-expressing T cells in arthritic joints of BUB mice (12) , only the TCR V␤ 10-expressing T cells appear to be pathogenic as the difference in their level of expression in the LN cells in arthritic and arthritis-protected mice correlates with the presence or absence *These mice were immunized with TCR V␤ 14 peptide before immunization with CII for the induction of CIA. ‡ Mice in this group were immunized with TCR V␤ 3 ϩ V␤ 10 peptides before immunization with CII for the induction of CIA.
§ Data for the expression of V␤ 3 and V␤ 10 are expressed in terms of percentage radiographic intensity of bands relative to the intensity of the C␤ DNA band, which was taken as 100%. Data for other V␤ genes were obtained by two-color FACS ® analysis.
of CIA in BUB mice immunized with CII. These results also indicate that V␤ 3-expressing T cells by themselves were insufficient to cause an inflammatory response.
Passive transfer of protective effects with serum from arthritis-protected mice. We carried out an adoptive transfer experiment to determine whether protective immunity against CIA in BUB mice immunized with TCR V␤ 3 and V␤ 10 peptides is due to the elicitation of anti-V␤ 3 and anti-V␤ 10 antibodies. Serum obtained from arthritis-protected mice, arthritic mice, or normal mice were adoptively transferred into different groups of naive BUB mice, which were then immunized with CII in CFA. All of the mice treated this way were individually examined for the development of clinical symptoms of arthritis up to day 60 after primary immunization with CII in CFA. As shown in Table V , infusion of multiple doses of serum from arthritis-protected mice significantly (P Ͻ 0.005) influenced the onset of CIA in recipient BUB mice with the mean day of onset being day 48. In addition, mice injected with serum from arthritis-protected mice that developed arthritis did so at a slower rate. Although the onset of arthritis was delayed in mice injected with serum from arthritis-protected mice, once induced, there was no significant difference (P Ͼ 0.05) in the severity of the disease on the day of onset when compared to mice injected with serum from normal BUB mice (Table V) . Mice injected with serum from arthritic mice developed arthritis earlier than other groups and the severity of arthritis on the day of onset in this group was significantly (P Ͻ 0.005) higher in comparison to other groups (Table V) . We thus conclude that multiple infusions of serum from arthritis-protected mice significantly delayed the induction of disease in treated BUB mice, but it had no effect on the severity of arthritis in mice that developed CIA when compared to mice that received serum from normal mice. We also analyzed the TCR V␤ expression in LN cells of BUB mice after three injections of serum from arthritis-protected mice. Preliminary results indicate that T cells expressing TCR V␤ 3 were apparently not affected by such treatment, but TCR V␤ 10-expressing T cells were virtually absent (results not shown). However, later analysis of TCR V␤ expression in some of the mice at the end of experiment showed the presence of T cells expressing V␤ 10 (results not shown). Our data further demonstrate that serum from arthritis-protected mice could modulate the repertoire of T cells expressing TCR V␤ 10. Taken together, our results indicate that immunization with TCR V␤ 3 and V␤ 10 peptides interfered with the development of cellular and humoral immune responses against CII by deleting pathogenic T cells and that this deletion was most likely mediated via antibodies reactive with the self-TCR.
Discussion
Our previous results suggested that TCR V␤ 3-and V␤ 10-expressing T cells may be important in the pathogenesis of type-II collagen-induced arthritis in susceptible BUB mice (12) . Results presented here provide additional evidence supporting a role for specific TCR V␤-bearing T cells in the induction and progression of arthritis in this animal model. More importantly, we found that immunization of BUB mice with a mixture of TCR V␤ 3-and V␤ 10-region peptide fragments induced protective immunity against CIA (Table I ). The ex- Figure 5 . Analysis of TCR V␤ chain gene expression in lymph node and spleen cells of arthritis-protected and arthritic BUB mice. Arthritisprotected and arthritic BUB mice from each group (Table I) were killed at the termination of the experiment, and draining lymph node cells and spleen cells were prepared by the standard methods. Preparation of total cellular RNA, cDNA synthesis, and PCR-assisted amplification of murine TCR V␤ transcripts was performed essentially as described in Methods. The autoradiogram in A shows the presence of TCR V␤ 10 transcripts in lymph node cells of arthritic mice but not in the lymph node cells of arthritis-protected mice. However, as shown in B, in the spleen cells of arthritis-protected mice, expression of both TCR V␤ 3 and TCR V␤ 10 genes was very much reduced as compared to spleen cells of arthritic mice. Densitometric scanning analysis indicated that the radiographic intensity of the hybridizing band in the V␤ 10 lane in arthritis-protected mouse sample was only 0.1% of the C␤ DNA band, which was taken as 100%. M, DNA molecular size standard (Phi-ϫ 174 DNA digested with HaeIII). *Day of onset was the day when clinical symptoms of arthritis were first documented. In mice injected with serum from arthritis-protected mice, the onset of arthritis was significantly delayed (P Ͻ 0.005) in comparison to the other two groups. ‡ Severity of arthritis for each affected mouse was determined as above. In all groups of arthritic mice, hind paws were usually affected more in comparison to front paws. Severity of arthritis was significantly (P Ͻ 0.005) higher on the day of onset in mice injected with serum from arthritic mice. tent of protection was analyzed by histologic evaluation of joints from arthritic and arthritis-protected mice. The absence of inflammatory process in the joints of arthritis-protected mice (Fig. 1 B) indicated that immunization with TCR V␤-region peptides blocked the joint infiltration by inflammatory cells and subsequent joint destruction. Our results also demonstrate that immunization with TCR V␤ peptides, after the antigenic challenge with CII, can also significantly influence the incidence of CIA in BUB mice (Table II) . Immunization of BUB mice with either TCR V␤ 3-or TCR V␤ 10-region peptides alone, before immunization with CII, indicated that preimmunization with TCR V␤ 10-region peptide was more effective in inducing protective immunity against CIA (Table  II) . Here also, the incidence and severity of arthritis was significantly reduced in comparison to mice immunized with TCR V␤ 3 peptides. This clearly implicates TCR V␤ 10-expressing T cells in the induction of CIA in BUB mice. This view was further supported by the analysis of TCR V␤ chain gene expression in LN cells of arthritic and arthritis-protected mice.
Analysis of TCR V␤ chain gene expression, by using PCRassisted amplification of TCR V␤ transcripts, in LN cells revealed that in arthritis-protected BUB mice (immunized with the mixture of TCR V␤ 3-and V␤ 10-region peptides) TCR V␤ 10-expressing T cells were virtually absent in the draining lymph nodes and barely detectable in the spleens (Fig. 5, A  and B) . Therefore, protective immunity against CIA was most likely due to the clonal elimination of TCR V␤ 10-expressing T cells. The presence of TCR V␤ 3-expressing T cells in arthritis-protected mice suggests that, in the absence of TCR V␤ 10-expressing T cells, TCR V␤ 3-expressing T cells by themselves were insufficient to cause an inflammatory response. However, the pathogenic importance of either V␤ 3-or V␤ 10-expressing T cells awaits confirmation by adoptive transfer studies.
TCR V␤ peptide vaccination was first reported to be successful in preventing the development of EAE in rats. In this model, disease prevention was thought to be due to the activation of anti-TCR regulatory T cells (9, 10) . More recently, TCR peptide vaccine was also reported to be effective in preventing an alloresponse (18) . In this study, TCR peptide was contemplated to function as an antagonist, competing with the native TCR for recognition of the L d present on stimulatory cells. Another study, using the adjuvant arthritis model in Lewis rats, suggests that T cells can process and present their own TCR proteins to anti-TCR peptide-specific, MHC class II-restricted T cells. These T cells were generated in response to immunization with TCR V␤-region peptides and these T cells then probably act as regulatory T cells (19). Therefore, prevention of undesirable immune response with TCR V␤ peptide fragments may result either in clonal deletion, recognition competition, or activation of regulatory T cells.
The mechanism(s) responsible for the clonal deletion of TCR V␤ 10-expressing T cells is not known. All the animals immunized with TCR V␤ 3 and V␤ 10 peptides developed high titers of antibodies specific for the V␤ peptides. Presence of these antibodies may eliminate the corresponding V␤-bearing T cells by complement-mediated lysis or antibody-dependent cellular cytotoxicity. This interpretation was further supported by our observation that adoptive transfer of serum from arthritis-protected mice, but not from normal or arthritic mice, can delete V␤ 10-expressing T cells and significantly delay the onset of arthritis in recipient mice. Despite the fact that both anti-V␤ 3 and anti-V␤ 10 peptide antibodies were detected in mice immunized with a mixture of TCR V␤ 3 and V␤ 10 peptides, only TCR V␤ 10-expressing T cells were eliminated. One possibility (yet to be determined) is that the anti-V␤ 3 peptide antibodies elicited were unable to react with the intact V␤ 3 TCR. We were unable to detect proliferative responses against TCR V␤ 3 and V␤ 10 peptides 50 d after immunization (results not shown). It has been reported that anti-T cell receptor proliferative responses can be demonstrated in rats immunized with TCR peptides and that only certain regions of the TCR peptides are immunogenic (19). Thus, it is possible that, while V␤ 10 peptides were able to induce an antibody response, they were not successful in eliciting an effective cellmediated immune response. The protection rendered by immune sera from arthritis-protected mice (Table V) strongly implicate the development of an effective humoral immune response against the pathogenic T cells in the induction of protective immunity against CIA. Although mice injected with serum from arthritis-protected mice eventually developed CIA, this could be due to "clearing" or dilution of protective antibodies. This indicates that the prevention of disease requires the continuous presence of anti-V␤ antibody (a situation that can occur in mice immunized with the TCR V␤ peptides). In the absence of continuous antibody production, new V␤ 10-bearing T cells may be able to regenerate from the precursor pool. The presence of V␤ 10 mRNA in LN cells in some of the mice (results not shown) at the end of this study argues in favor of this hypothesis.
Type-II collagen-induced arthritis in mice is a cell-mediated autoimmune inflammatory response. However, antitype-II collagen antibodies have been reported to play an important role in the pathogenesis of arthritis (3). Initial lesions in CIA are probably related to the production of IgG autoantibodies reactive to the antigenic determinants of the CII. These antibodies may bind to articular cartilage and activate the complement cascade (20) . In our experiments, all of the BUB mice immunized with TCR V␤-region peptides developed high titers of anti-type-II collagen antibodies. But titers of antibodies reactive with the mouse type-II collagen were lower in arthritis-protected mice. Despite the presence of anti-type-II collagen antibodies cross-reactive with the immunizing antigen and autoantigen, these mice remained disease free during the course of these studies. Thus, the absence of CIA in these mice could be associated with reduced humoral responses to the autoantigen mouse type-II collagen, in combination with the deletion or downregulation of V␤ 10-expressing T cells. Another possibility remains that the "qualities" of anti-type-II collagen antibodies produced in the TCR V␤ peptide-immunized mice may be different from anti-type-II collagen antibodies in arthritic mice. Differences in the affinities of the antibodies produced may also alter the course of the disease.
In conclusion, results reported here indicate a role for anti-TCR peptide-specific responses in the induction of protective immunity against CIA. The exact mechanism(s) by which these anti-TCR peptide-specific responses interferes with the development of CIA remains to be determined, but appears to be a consequence of the development of antibodies reactive with the self-TCR. This is interesting because, as in other cases, immunization with TCR peptides has been reported to induce the development of antiidiotypic regulatory cells (9, 10) . Elicitation of antibodies reactive with the self could be a characteristic of the strain used (BUB/BnJ), the TCR V␤ peptides used for the immunization, or a combination of both. This remains to be investigated. Nevertheless, our data demonstrate that immunization with TCR V␤-specific peptides or passive administration of antibodies specific for pathogenic V␤-bearing T cells may have clinical applications in treating human autoimmune diseases characterized by common TCR gene usage.
